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bstract

A live attenuated virus vaccine is being developed to protect against West Nile virus (WN) disease in humans. Previously, it was found that
himeric West Nile/dengue viruses (WN/DEN4 and WN/DEN4�30) bearing the membrane precursor and envelope protein genes of WN on a
ackbone of dengue type 4 virus (DEN4) with or without a deletion of 30 nucleotides (�30) in the 3′ noncoding region of the DEN4 part of the
himeric genome were attenuated and efficacious in mice and monkeys against WN challenge. Here, we report the generation of a clinical lot of

N/DEN4�30 virus and its further preclinical evaluation for safety and immunogenicity in mice, geese and monkeys. The vaccine candidate
ad lost neuroinvasiveness in highly sensitive immunodeficient mice inoculated intraperitoneally and had greatly reduced neurovirulence in
uckling mice inoculated intracerebrally (IC). Compared to the wild-type WN parent, the chimeric virus was highly restricted in replication in
oth murine and human neuroblastoma cells as well as in brains of suckling mice. The WN/DEN4�30 virus failed to infect geese, indicating
hat chimerization of WN with DEN4 completely attenuated WN for this avian host. This observation suggests that the WN/DEN4 chimeric
iruses would be restricted in their ability to be transmitted from vaccinees to domestic or wild birds. In monkeys, the WN/DEN4�30 vaccine
andidate was highly immunogenic despite its low level of replication with undetectable viremia. Furthermore, the WN/DEN4�30 vaccine
irus was safe and readily induced neutralizing antibodies against WN in monkeys immune to each of the four serotypes of dengue virus.

hese studies confirm the attenuation of WN/DEN4�30 for non-human primates, including dengue-immune monkeys, and demonstrate both
highly restricted replication (>108-fold decrease) in the brain of mice inoculated IC and an absence of infectivity for birds, findings that

ndicate this vaccine should be safe for both the recipient and the environment.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

West Nile virus (WN) is a single-stranded, positive-sense

NA virus of the Flaviviridae family, and is a member of

he Japanese encephalitis virus complex, an antigenically
losely related group of mosquito-borne flaviviruses that
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lso includes such important human pathogens as Japanese
ncephalitis, Murray Valley encephalitis, and St. Louis
ncephalitis viruses [1]. Similar to other members of this
omplex, WN is maintained in nature in a transmission cycle
etween mosquitoes and birds, with humans, horses, and
ther domestic and wild animals serving as incidental hosts.
N is endemic in Africa, Asia, Australia, and Europe, where
t has usually been associated with mild human illness. Fol-
owing its introduction in the Northeast region of the US in
999, WN has spread rapidly across North America causing
nnual outbreaks and has recently reached Central and South
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merica [2]. The emergence of this virus into a new environ-
ent has resulted in a significant increase in the fatality rate

bserved in humans, horses, and birds. During the 1999–2005
utbreaks of WN in the US, there were 19,381 human
ases of WN illness reported that included 752 deaths [3],
CDC Reports: http://www.cdc.gov/ncidod/dvbid/westnile).
mportantly, the severe neurological disease (meningitis
r encephalitis) that required long-term rehabilitation was
bserved in over 30% of the confirmed WN cases and
ccurred with an increased frequency in the elderly and
mmunocompromised patients.

Several strategies have been pursued in the past years
o develop effective vaccines to prevent WN disease [4].
owever, only WN vaccines for veterinary use are commer-

ially available in the US, and vaccine candidates for the
revention of WN disease in humans are still undergoing
valuation in pre-clinical or clinical trials [5–7]. Our lead-
ng vaccine candidate is a chimeric WN/DEN4�30 virus
8] which was created by replacing the membrane precursor
prM) and envelope glycoprotein (E) structural protein genes
f the mosquito-borne dengue virus type 4 (DEN4) with the
orresponding genes from WN strain NY99 and by intro-
ucing a 30 nucleotide deletion (�30) in the 3′ non-coding
egion of the DEN4 component of the chimeric genome.
he resulting WN/DEN4�30 virus exhibited greatly reduced
eurovirulence and neuroinvasiveness in Swiss Webster mice
ompared to its WN parent and was immunogenic providing
omplete protection against lethal WN challenge [8]. The
xperimental WN/DEN4�30 virus was also attenuated and
mmunogenic, and it provided protection in monkeys against
ild-type WN challenge [5]. A clinical lot of this vaccine

andidate virus was generated for use in humans and was
urther characterized in the present study for: (i) level of repli-
ation in the brain of newborn mice, (ii) neuroinvasiveness
n immunodeficient mice, (iii) infectivity in the amplifying
vian host, using young goslings as the avian model, and (iv)
afety and immunogenicity in non-human primates with or
ithout immunity to dengue viruses. Evaluation of the clin-

cal lot of WN/DEN4�30 vaccine in human volunteers has
egun.

. Materials and methods

.1. Cells and viruses

Simian Vero cells (World Health Organization seed, from
assage 143 to 149) were maintained at 37 ◦C in an atmo-
phere of 5% CO2 in OptiPRO SFM medium (Invitrogen,
arlsbad, CA) supplemented with 4 mM l-glutamine (Invit-

ogen) and 0.05 mg/ml of gentamicin (Invitrogen). Mouse
euro-2A and simian LLC-MK2 cells were purchased from
he American Type Culture Collection and were maintained
n MEM (Invitrogen) supplemented with 10% FBS and
mM l-glutamine. Human SH-SY5Y neuroblastoma cells
ere kindly provided by Dr. E. Dragunsky (CBER/FDA,

c
i
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ockville, MD) and maintained in Dulbecco’s Modified
agle Medium (Invitrogen) supplemented with 10% FBS and
.05 mg/ml of gentamicin.

The West Nile wild-type strain NY99 [8], dengue type
wild-type Caribbean strain 814,669 (wt DEN4) and its

DNA-derived recombinant DEN4(2A) and DEN4�30 [9]
ere prepared in Vero cells as described previously [8]. The
reviously described chimeric WN/DEN4 virus, that con-
ained prM and E protein genes of WN, and its WN/DEN4-
′�30 mutant that contained a 30 nucleotide deletion in the
′ noncoding region (NCR) of genome (referred to here as
he WN/DEN4�30 experimental lot) were originally recov-
red after transfection of Vero cells with RNA transcripts
f their full-length cDNA genomes [8]. Virus preparations
f the unmodified WN/DEN4 and its �30 mutant had a
iter of 1.7 × 106 and 6.4 × 105 PFU/ml, respectively. The
xperimental lot of WN/DEN4�30 virus was not recovered
nd passaged under current Good Manufacturing Procedures
cGMP) and therefore was not chosen for further vaccine
evelopment.

To generate a WN/DEN4�30 virus as a vaccine candi-
ate for human use, the chimeric virus was independently
escued from a full-length cDNA (WN/DEN4-3′�30 clone
) [8] and amplified in qualified simian Vero cells (WHO
eed, passage 145) under cGMP conditions. Subsequently,
irus was biologically cloned by two successive passages
t terminal dilution and finally amplified by three serum-
ree passages in qualified Vero cells. The final product, the

N/DEN4�30#1 lot of chimeric WN/DEN4-3′�30 virus
referred to here as the WN/DEN4�30 clinical lot) has a
iter of 3.1 × 105 PFU/ml. Vaccine safety testing confirmed
icrobial sterility, tissue culture purity, and animal safety.
he identity of the WN/DEN4�30 clinical lot virus was
etermined by complete sequence analysis of the genome.

The quantity of wild-type WN virus in cell-culture prepa-
ations, mouse brain suspension, or monkey serum was deter-
ined by titration on Vero cells using a plaque-forming assay

PFA) [8,10]. Confluent Vero cell monolayers on 12-well
lates were inoculated in duplicate with serial ten-fold dilu-
ions of virus, incubated for 2 days at 37 ◦C in an atmosphere
f 5% CO2 and immunostained using WN-specific antibodies
n hyperimmune mouse ascitic fluid (HMAF) at a concentra-
ion of 1:1000 and conjugated goat anti-mouse immunoglob-
lins (Dako Co., Carpinteria, CA) at a concentration of 1:10.
he chimeric WN/DEN4- or DEN4-infected cells in 24-well
lates were incubated for 5 days and immunostained using
ither a DEN4-specific HMAF at a concentration of 1:1000
for DEN4) or a 1:1 mixture of WN and DEN4 HMAF at a
nal concentration of 1:1000 (for the chimeric viruses).

.2. Multi-cycle growth of chimeric viruses in mouse
nd human neuroblastoma cells
The kinetics and level of replication of parental and
himeric viruses were compared in murine Neuro-2A or
n human SH-SY5Y cell lines. Cells grown on six-well

http://www.cdc.gov/ncidod/dvbid/westnile
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lates were inoculated with WN, DEN4, WN/DEN4, or
N/DEN4�30 (clinical lot) at a multiplicity of infection

MOI) of 0.01 PFU per cell and were allowed to adsorb for
h at 37 ◦C. Cell monolayers were washed twice in MEM,
nd 3 ml of fresh culture medium supplemented with 10%
BS was added. Virus in culture medium from one individ-
al well was harvested daily, and the titer in each well was
etermined in Vero cells. Plaques were enumerated after 2 or
days of infection using the PFA described above.

.3. Evaluation of chimeric viruses in mice

Chimeric and parental viruses were analyzed for periph-
ral virulence by the intraperitoneal (IP) inoculation of 3-
eek-old severe combined immunodeficient (SCID) mice in
roups of 10 or 20. Female SCID mice (ICRSC-M; Taconic
arms, Germantown, NY) were inoculated with: (i) 10-fold
erial dilutions of the WN NY99 virus ranging from 10−2 to
02 PFU; (ii) 106 PFU of DEN4; (iii) 103, 104, or 105 PFU
f WN/DEN4 chimera; (iv) 102, 103, or 104 PFU of experi-
ental or clinical lot of WN/DEN4�30; or (v) with MEM.
ice were observed for 49 days for encephalitis and mori-

und mice were humanely euthanized.
The neurovirulence of parental WN or rDEN4�30 and

himeric WN/DEN4�30 (experimental or clinical lot) was
valuated in suckling Swiss Webster mice (Taconic Farms) by
ntracerebral (IC) inoculation. Suckling mice (3 and 5 days of
ge) in groups of 9–12 were inoculated with a 10 �l volume
f various concentrations of virus. Mice were observed for
1 days for encephalitis and moribund mice were euthanized
umanely.

For study of virus replication in the mouse brain, 5-day-
ld Swiss Webster mice were inoculated IC with 103 PFU
f the parental WN or DEN4, chimeric WN/DEN4, or its
30 deletion mutant (experimental or clinical lot) virus.
he brains of four mice from each group were harvested
aily from day 1 through day 5 and every other day from
ay 7 through day 19 after virus inoculation. Each mouse
rain was homogenized individually to give a 30% suspen-
ion of phosphate-buffered Hanks’ balanced salt solution
Invitrogen) supplemented with 7.5% sucrose, 5 mM sodium
lutamate, 0.05 mg/ml of ciprofloxacin (Bayer HealthCare,
est Haven, CT), 0.06 mg/ml of clindamycin (Pharmacia &
pjohn, Kalamazoo, MI), and 0.0025 mg/ml of amphotericin

Quality Biologicals, Gaithersburg, MD), and the brain sus-
ension was clarified by low speed centrifugation. Subse-
uently the virus titer in each supernatant was determined in
ero cells using a PFA.

.4. Evaluation of chimeric viruses in geese

Twenty two-week-old domestic geese (Anser anser

omesticus) were screened for neutralizing antibody before
he study was initiated and were found to be seronegative for

N and DEN4 as determined in the plaque-reduction neu-
ralization (PRNT) tests described previously [8,11]. Groups

m
w
t
t
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f four goslings were inoculated subcutaneously (SC) in the
ape of the neck with 103 PFU of wt WN or 104 PFU of wt
EN4 or chimeric virus and were observed for 21 days for
N-associated symptoms of disease such as decreased food

r water intake, inactivity, weight loss (dehydration), fever,
nd neurological signs such as torticollis, drooping wing and
ead, tremor, convulsion, and paralysis [12]. Birds were bled
aily for 5 days and on days 7 and 10 for detection of viremia
nd on day 21 for measurement of neutralizing antibody titer.
he quantity of virus in bird serum was determined by direct

itration on Vero cells using a PFA. Serum neutralizing anti-
ody titer was determined by PRNT assay against wt WN
8,11]. On day 21 post-inoculation each of the surviving
eese was challenged SC with 103 PFU of wild-type WN
nd observed daily during the following 10 days for develop-
ent of neurological signs of disease. To determine viremia,

lood samples were collected daily for 5 days and on days 7
nd 10 post-challenge.

.5. Studies with rhesus monkeys

.5.1. Viremia and immunogenicity of the experimental
nd clinical lots of WN/DEN4�30 vaccine

The experimental and clinical lots of WN/DEN4�30 virus
ere evaluated in rhesus monkeys (Macaca mulatta) using
reviously established methods [5]. Groups of four monkeys,
hich were shown to be seronegative for WN and DEN4,
ere injected SC with 105 PFU of WN/DEN4�30 delivered

n 1 ml of L-15 medium (Invitrogen). Serum was collected
aily for 10 days to test for viremia and on days 28 and 42
or measurement of neutralizing antibody titer. Also, serum
amples of two monkeys (monkey #13 and 14) from our pre-
ious study [5] that received a single 105 PFU dose of wt
N were reanalyzed in parallel for viremia and WN neutral-

zing antibody titer with those of the 8 monkeys that received
xperimental or clinical lot of WN/DEN4�30 in the present
tudy.

.5.2. Viremia and immunogenicity of chimeric
N/DEN4 viruses in monkeys previously immunized
ith dengue tetravalent vaccine

Two groups of rhesus monkeys were inoculated SC with
ml of an experimental, live-attenuated tetravalent dengue
irus vaccine (TV-1 or TV-2 formulation) and then boosted
ith the same formulation on day 28 as described pre-
iously [13]. Specifically, (i) four monkeys in group 1
Table 6) were immunized with TV-2 that contained 105 PFU
f each recombinant rDEN1�30, rDEN4�30, and two anti-
enic chimeric viruses (rDEN2/4�30 and rDEN3/4�30),
nd (ii) another four monkeys in group 3 were immunized
ith TV-1 that contained 105 PFU/ml of each recombi-
ant rDEN1�30, rDEN2�30, rDEN3�30, and rDEN4�30

utant. Ten months (313 days) after primary immunization
ith DEN tetravalent vaccine, these animals were bled on

he day prior to chimeric WN/DEN4 inoculation and found
o be seropositive for DEN4. Four monkeys in group 1 or 3
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Table 1
Differences in nucleotide and amino acid sequences between experimental and clinical lots of WN/DEN4�30 vaccine candidate virus

Region of genome Experimental lot Clinical lot

Nucleotide position change Amino acid change Nucleotide position change Amino acid change

E G1903 > A Gly603 → Arg
NS2A A3484 > C Gln1128 → Pro
NS3 A4550 > C Silent
NS4B A7131 > G Thr2344 → Ala
NS4B U7162 > C Leu2354 → Ser
NS4B U7474 > C Val2458 → Ala
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ote: Numbering of nucleotide sequence of the E protein gene derived from
umbering of nucleotide (nt) sequence of nonstructural protein genes derived
umbering of amino acids in WN or DEN4 polyprotein begins with the me

s residue 1.

ith immunity to DEN4, together with a group of 4 naı̈ve
onkeys that served as unimmunized controls, were inocu-

ated SC with 105 PFU of WN/DEN4 or the clinical lot of
N/DEN4�30, respectively. Serum was collected on days

–10 and 42 after inoculation and stored at −70 ◦C. The
uantity of virus in each serum sample from day 1 to day
0 was determined by direct titration on Vero cells using the
mmunostaining PFA, and serum neutralizing antibody titer
as determined for samples collected on days 0 and 42 by
RNT assay against WN and DEN4.

. Results

.1. Sequence comparison of experimental and vaccine
ots of WN/DEN4�30

Two versions of the chimeric WN/DEN4�30 virus, the
xperimental and clinical lots, were independently recovered
rom the same cDNA (clone 1) in Vero cells as described
reviously [8]. The nucleotide sequence of both viruses was
etermined and compared to that of the cDNA from which
hey were derived (Table 1). Since flaviviruses passaged
n tissue culture cells develop mutations at high frequency
14–16], it was expected that the experimental and clinical
ots of chimeric recombinant WN/DEN4�30 virus would
evelop independent mutations during their passage in Vero
ells even though they were derived from the same plasmid
NA, and this did occur. Sequence analysis of the newly
erived virus (clinical vaccine lot) revealed that during its
ecovery and amplification it accumulated four coding muta-
ions located in E, NS2A, and NS4B, including an amino
cid substitution Thr2344 → Ala in NS4B that was previ-
usly observed as a Vero cell adaptation mutation in DEN4
17]. An amino acid substitution Leu2354 → Ser in NS4B that
ccurred in the experimental virus was not found in the newly
enerated clinical lot of WN/DEN4�30. The Leu2354 → Ser
ubstitution in NS4B has been identified previously as a

utation that enhanced replication for DEN4 in Vero cells

15,17] and also was identified in the chimeric unmodified
N/DEN4 virus [8] and in the chimeric Langat/DEN4 or

ick-borne encephalitis/DEN4 virus [16] following their pas-

w
p
t
r

uence of the NY99 strain of WN (GenBank accession no. AR196835) and
equence of DEN4�30 (clone p4�30) (GenBank accession no. AY376438).
e residue of the C protein (nt: 97–99 or 102–104, respectively) designated

age in Vero cells. Thus, the two WN/DEN4�30 viruses differ
n sequence, in part, by the acquisition of different Vero cell-
daptation mutations during passage in Vero cells. Because
f this difference in sequence between the previously studied
xperimental lot of chimeric WN/DEN4�30 virus [5,8] and
he newly produced clinical lot, it was necessary to determine
f the mutations shared by the clinical and experimental lots
f WN/DEN4�30 and not the differences in the sequences
etween the two preparations were primarily responsible for
he desirable attributes of the vaccine candidate. Thus, atten-
ation of the virus for mice and monkeys was studied by
omparing properties of the previously evaluated experimen-
al lot with the newly generated clinical lot. In addition, the
linical lot was evaluated for infectivity for geese.

.2. Attenuation of WN/DEN4 viruses in mice

.2.1. Neuroinvasiveness of the chimeric viruses
Since the immunocompetent adult Swiss Webster mice

ere completely resistant to intraperitoneal (IP) inoculation
ith a large dose of the unmodified WN/DEN4 chimera or its
30 deletion mutant (experimental lot of WN/DEN4�30)

s described previously [8], evaluation of the peripheral
irulence of these viruses in the present study was per-
ormed only in highly sensitive SCID mice [18,19]. In a
ide-by-side comparison of the LD50, the wild-type WN
arent was extremely neuroinvasive for 3-week-old SCID
ice with an IP LD50 of 0.8 log10 PFU (Table 2), whereas

oth the unmodified WN/DEN4 and its deletion mutant
experimental lot virus) had greatly reduced or ablated neu-
oinvasiveness when these chimeras were inoculated at the
ighest dose that could be tested (104 or 105 PFU). The
ack of neuroinvasiveness of WN/DEN4 and WN/DEN4�30
himeric viruses even in the immunodeficient mice indicates
hat both viruses are highly attenuated and that chimeriza-
ion of WN with DEN4 most likely contributed to the
bserved decrease in neuroinvasiveness. The clinical lot of
N/DEN4�30, like the WN/DEN4�30 experimental lot,

as also non-neuroinvasive in a separate, concurrent com-
arison in SCID mice (Table 2). These findings indicated
hat the WN/DEN4�30 candidate vaccine virus is highly
estricted in its access to the CNS. Although the experimental
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Table 2
Neuroinvasiveness of parental and chimeric viruses in 3-week-old SCID mice

Study Mice inoculated IP with Dose inoculated (PFU) No. dead or moribund/no. tested (%) LD50 (log10 PFU)

1

WN 0.01 0/20 (0) 0.8
0.1 0/20 (0)
1 8/20 (40)

10 17/20 (85)
100 10/10 (100)

WN/DEN4 1000 0/20 (0) >5.0a

10000 0/20 (0)
100000 0/20 (0)

WN/DEN4�30 (experimental lot) 100 0/20 (0) >4.0a

1000 0/20 (0)
10000 0/20 (0)

DEN4 1000000 0/20 (0) >6.0
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2

WN/DEN4�30 (experimental lot) 10000
WN/DEN4�30 (clinical lot) 10000

a Highest dose tested.

nd clinical lots of WN/DEN4�30 virus differed in sequence
Table 1), the demonstration that each lot lacked neuroinva-
iveness strongly suggests that the chimeric nature of the
enome with its �30 mutation, and not their adventitious
utations, was responsible for the observed attenuation phe-

otype of both lots of WN/DEN4�30.

.2.2. Neurovirulence of WN/DEN4�30 in mice
The parental (WN and rDEN4�30) viruses and their

N/DEN4�30 chimera (clinical lot) were evaluated in par-
llel in 5-day-old Swiss mice by intracerebral (IC) inocula-
ion of different quantities of virus by measuring morbidity
nd mortality as the outcome (Table 3). Wild-type WN was

ighly neurovirulent in 5-day-old Swiss mice with an IC LD50
f 0.5 log10 PFU. Recombinant DEN4�30 virus that served
s the genetic background for construction of WN/DEN4�30
himera was much less neurovirulent with an IC LD50 of

1
n
w
b

able 3
eurovirulence of parental and chimeric viruses in 3- or 5-day-old Swiss mice

tudy Mice inoculated IC with Age of mice Dose inoculate

WN 5-day-old 0.01
0.1
1

10
rDEN4�30 100

1000
10000

100000
WN/DEN4�30 (clinical lot) 10

100
1000

Control

WN 3-day-old 1
WN/DEN4 10000
WN/DEN4�30 (experimental lot) 1000
WN/DEN4�30 (clinical lot) 1000

a Highest dose tested.
b Data from previous studies presented for purpose of comparison [8].
0/10 (0) >4.0
0/10 (0) >4.0a

.5 log10 PFU. All of the mice inoculated with 10 or 103 PFU
f WN/DEN4�30 survived during a 21-day observation
eriod. At a dose of 102 PFU, only 2 of 11 mice inoculated
ith this chimera died. The interval of time to death of the

wo mice inoculated with the clinical lot of WN/DEN4�30
himera was twice as long as that of mice inoculated with

N. Thus, the WN/DEN4�30 chimera (clinical lot) more
losely resembled the low neurovirulence phenotype of its
DEN4�30 parent rather than the high neurovirulence of the

N parent, but retained a low level of neurovirulence. In an
dditional comparison of the experimental and clinical lots of

N/DEN4�30 in younger suckling mice (3-day-old Swiss
ice, Table 3), 2 of the 10 suckling mice inoculated IC with
03 PFU of the clinical lot of WN/DEN4�30 virus died, and
o morbidity or lethality was observed in mice inoculated
ith the same dose of the experimental lot of virus. Thus,
oth experimental and clinical lots of WN/DEN4�30 were

d (PFU) No. dead or moribund/No. tested (%) LD50 (log10 PFU)

0/11 (0) 0.5
0/10 (0)
1/10 (10)

11/11 (100)
1/10 (10) 4.5
2/10 (20)
4/11 (36)
5/11 (45)
0/10 (0) >3.0
2/11 (18)
0/10 (0)
0/12 (0)

9/9 (100) −0.5b

5/10 (50) ∼4.0b

0/10 (0) >3.0a

2/10 (0) >3.0a
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Fig. 1. Replication of parental and chimeric viruses in mouse brain. Five-
day-old Swiss mice were inoculated IC with 103 PFU of virus. At indicated
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ays, brains of four mice were harvested and virus titer of each individual
rain suspension was determined by plaque assay in Vero cells. Mean peak
irus titer (log10 PFU/g of brain) is shown in parentheses.

ttenuated and less neurovirulent in 3-day-old mice than their
ild-type WN or DEN4 parent which had an IC LD50 of
0.5 or 2.6 log10 PFU, respectively, as estimated previously

or this age of mice [8].

.2.3. Replication of viruses in mouse brain
The increase in IC LD50 of the WN/DEN4 and

N/DEN4�30 chimeras over that of the WN virus sug-
ested that the chimeras were restricted in replication in
ouse brain compared to that of their WN parent. In order

o quantitatively estimate the level of attenuation specified
y chimerization of WN with DEN4 and, separately, by the
ddition of the �30 mutation to the WN/DEN4 virus, the
arental and chimeric viruses were evaluated for their ability
o replicate in the brain of suckling mice. Following direct IC
noculation of 5-day-old Swiss mice with 103 PFU of virus,
rains of mice were harvested, and virus titer of individ-
al brain suspension was determined. Resulting mean titers

re shown in Fig. 1. WN replicates efficiently in the brain
f mice and attains a titer of 11.8 log10 PFU/g of brain 5
ays after inoculation. At this dose of WN, mice developed
ymptoms of encephalitis or died on day 6 post-inoculation.

w
b
l
y

ig. 2. Analysis of growth of parental WN or DEN4 and their chimeric WN/DEN
nd human SH-SY5Y neuroblastoma cells. Cells were infected with the indicated
ndicated times was determined in Vero cells.
4 (2006) 6392–6404 6397

ild-type DEN4 also replicates efficiently, and its peak titer
f 7.3 log10 PFU/g of brain was observed 7 days after IC
noculation. The unmodified WN/DEN4 chimera reached a
eak virus titer of 5.5 log10 PFU/g of brain, indicating that
N/DEN4 replicated less well in mouse brain than either
N or DEN4 parental virus and that the chimerization of
N with DEN4 was the major determinant of the observed

ttenuation of WN/DEN4.
The WN/DEN4�30 virus was slightly more restricted in

eplication in mouse brain than the unmodified WN/DEN4
himera. On day 7, the experimental and clinical lots
f WN/DEN4�30 vaccine attained titers of 4.9 and
.4 log10 PFU/g of brain, respectively. This represented an
dditional 4- and 125-fold decrease in replication of �30
utants compared to their unmodified WN/DEN4 parent,

ndicating that the �30 mutation independently attenu-
tes WN/DEN4 for mice. These findings clearly indicate
hat chimerization and the presence of the �30 mutation
ramatically decreased replication of the clinical lot of
N/DEN4�30 compared to its highly virulent WN parent, a

old reduction that was greater than 108. Overall, both greatly
ecreased lethality and greatly restricted replication in the
rain following direct IC inoculation indicate that the clini-
al lot of WN/DEN4�30 is highly attenuated for the CNS of
ice.

.3. In vitro replication of chimeric viruses in murine
nd human cells of neural origin

The level of replication of the WN/DEN4 viruses was
valuated in murine and human neuroblastoma cells to deter-
ine if there is a correlation between in vitro replication in

ells of neural origin and the attenuation of virus in vivo as
emonstrated previously for attenuated mutants of Langat
irus (LGT) [20], its LGT/DEN4 chimera [16], or poliovirus
21,22]. For this reason, the kinetics of replication of the

N/DEN4 chimera or the �30 deletion mutant (clinical lot)

ere compared to those of the parental WN and DEN4 viruses
y infecting murine Neuro-2A or human SH-SY5Y neurob-
astoma cells at a MOI of 0.01 PFU/cell and measuring virus
ield at 24-h intervals (Fig. 2). WN replicated efficiently in

4 virus or clinical lot of the WN/DEN4�30 mutant in mouse Neuro-2A
virus at MOI of 0.01, and the titer of virus in culture medium harvested at
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Table 4
WN/DEN4 chimeric viruses are non-infectious in geese

Virus Viremia after inoculationa Mean serum neutralizing
antibody titer against WNc

Viremia after WN challengeb

No. with
viremia

Mean no.
days

Mean peak virus titer
(log10 PFU/ml)

No. geese
viremic

Mean no.
days

Mean peak virus titer
(log10 PFU/ml)

WN 4/4 5.5 5.4 264 0/2 0 <0.7
DEN4 0/4 0 <0.7 <20 4/4 3.8 5.0
WN/DEN4 0/4 0 <0.7 <20 4/4 3.3 4.4
WN/DEN4�30

(clinical lot)
0/4 0 <0.7 <20 4/4 3.5 4.8

Control <20 4/4 3.5 4.3

a Two-week-old goslings were inoculated in the nape of neck with 103 PFU of WN or with 104 PFU of DEN4 or chimeric virus. Two of the four young
g disease
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oslings that received the wild-type WN virus developed severe neurologic
b Twenty-one days after inoculation, the surviving geese were challenged
c Plaque reduction (60%) neutralizing antibody titer 21 days after primary

oth cell lines with virus titers reaching 8.5–8.6 log10 PFU/ml
n day 5 post-infection. In contrast, DEN4 replicated less
fficiently in human SH-SY5Y cells attaining a titer that was
00 times lower than that of WN, and its growth in murine
euroblastoma cells was even more restricted. Chimeriza-
ion of WN with DEN4 reduced replicative capacity of the
esulting WN/DEN4 virus by 1000-fold in murine Neuro-2A
nd 20-fold in human SH-SY5Y cells, respectively, when
ompared with its WN parent. In addition, a 300- or 20-fold
ecrease in replication of the WN/DEN4�30 mutant com-
ared to its unmodified WN/DEN4 parent virus was observed
n murine or human neuroblastoma cell culture, respectively.
hus, our findings indicate that both the chimerization of WN
ith DEN4 and the �30 mutation independently attenuate
N/DEN4�30 virus for growth in vitro in the neuroblas-

oma cell cultures and in vivo in the CNS of mice.

.4. Restricted replication of chimeric viruses in
omestic geese

WN is maintained in nature in a mosquito-bird-mosquito
ycle involving many species of birds that serve as primary
ertebrate reservoir hosts [23,24]. Thus, it was important to
valuate the ability of WN/DEN4 chimeric viruses to repli-
ate in birds since it is theoretically possible that a WN/DEN4
himeric vaccine virus could be transmitted from a vaccinee
o a bird by a mosquito. Geese (Anser anser domesticus),
hich served as a model for domestic poultry in this study, are
ighly susceptible to natural or experimental WN infection
nd develop long-lasting viremia and neurological disease
r death [12,25]. When 2-week-old geese were infected with
03 PFU of WN, three of the four goslings developed clinical
igns, including decreased activity, reluctance to rise upon
timulation, elevated body temperature, dehydration, head
remor, partially closed eyes, and head in lower posture. Two
f these moribund goslings were euthanized on days 6 and 8

ost-infection because of persistent neurological signs. Each
f the four WN-infected birds developed viremia that lasted 5
r 6 days (Table 4) and achieved a virus titer in serum between
.2 and 6.5 log10 PFU/ml (mean = 5.4 log10 PFU/ml). In con-

W
v

and were euthanized on day 6 or 8 post-inoculation.
h 103 PFU of WN.
ation. Reciprocal titers are shown.

rast, viremia was not detected in young geese that received
04 PFU of the DEN4 parent, WN/DEN4 chimera, or
N/DEN4�30 clinical lot virus, indicating that these viruses

id not replicate in highly susceptible geese. In addition,
one of the goslings that received the WN/DEN4 chimera
r its deletion mutant developed neutralizing antibodies to
N on day 21 post-inoculation (Table 4). On day 21 post-

noculation, two geese that survived the primary WN infec-
ion developed a high level of WN neutralizing antibodies
hich was sufficient to prevent viremia, clinical signs, and
eath after challenge with WN. In contrast, each of the geese
hat received DEN4 or a WN/DEN4 chimeric virus, as well
s the four naı̈ve control birds, became viremic after chal-
enge with WN. The duration of viremia and mean peak WN
irus titer in serum following WN challenge did not differ
etween vaccinated and unvaccinated geese. Although none
f the geese died from the WN challenge, three of the four
irds in each group developed clinical signs of WN disease
uring 10 days post-challenge observation which included
ncoordinated gait, drooping wings, imbalance while stand-
ng, head held in lowered posture, recumbency, torticollis,
ead shaking, and rhythmic side-to-side head movement. The
igh morbidity rates and high level of viremia in the vacci-
ated and non-vaccinated geese indicate that the WN/DEN4
himeras failed to stimulate protective immunity against WN
n the domestic geese. Thus, the responses to immunization
nd challenge with WN indicate that both chimeras failed
o infect and replicate in geese. The lack of infectivity of
he WN/DEN4�30 virus for geese suggests that its use in
umans or other mammals as a vaccine poses no threat to
ild or domestic birds. Unfortunately, it also precludes its
se as a vaccine in birds.

.5. Comparison of the safety and immunogenicity of the
xperimental and clinical lots of the WN/DEN4�30
accine in rhesus monkeys
Safety, immunogenicity, and protective efficacy of the
N/DEN4 and WN/DEN4�30 (experimental lot) chimeric

iruses were evaluated previously in rhesus monkeys at a
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Table 5
Response of rhesus monkeys immunized with 105 PFU of the clinical or experimental lot of WN/DEN4�30 chimeric virus

Immunizing virus Monkey
number

Viremia (log10 PFU/ml) on indicated day
post-immunization

Serum neutralizing antibody
titer on indicated daya

0 1 2 3 4 5 6 7 28 42

WN/DEN4�30
(experimental lot)

CJ34 – – – – – – – – 328 102
CJ9C – – – – – – – – 287 108
CK2H – – – – – – – – 325 158
CK6F – – – – – – – – 325 81

– – – – – – – – GMT: 316 109

WN/DEN4�30
(clinical lot)

CK1D – – – – – – – – 284 106
CK55 – – – – – – – – 303 141
CK4X – – – – – – – – 365 271
CK2J – – – – – – – – 351 205

GMT: 324 170

WNb
13 – – 2.2 2.3 2.2 2.2 1.8 – 2131
14 – 0.7 2.8 2.3 2.1 2.3 – – 1987

GMT: 2059
a Plaque reduction (60%) neutralizing antibody titer was determined against WN NY99 using serum collected on indicated day post-immunization. Reciprocal

titers are shown. Geometric mean titers (GMT) are calculated for each group.
b The serum samples are historical samples from our previous study collected from two monkeys injected SC with 105 PFU of wt WN NY99 [5]. These
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amples were retested for measurement of viremia or WN-specific neutral
xperimental or clinical lot of WN/DEN4�30.

ose of 105 or 106 PFU, and the results of this study have been
ublished [5]. Despite the high level of attenuation, the exper-
mental WN/DEN4�30 vaccine virus induced a high titer
f WN-specific neutralizing antibodies and provided com-
lete protection in monkeys against challenge with wt WN.
n the present study, the level of attenuation and immuno-
enicity of the WN/DEN4�30 clinical lot was determined in
hesus monkeys in a concurrent comparison with the experi-
ental lot. The findings summarized in Table 5 demonstrate

hat both the experimental and clinical lots of vaccine can-
idate exhibited highly restricted replication, i.e., none of
he four monkeys inoculated with 105 PFU of either exper-
mental or clinical lot of WN/DEN4�30 virus developed
etectable viremia (<100.7 PFU/ml). Also, clinical illness was
ot seen in any monkey. Although both chimeric viruses were
ignificantly attenuated for monkeys, they induced a high
evel of serum WN neutralizing antibodies in each immu-
ized animal, and the immune response for these two lots
as comparable. It was shown previously [5] that a single
ose of 105 PFU of the experimental lot was highly effica-
ious in rhesus monkeys against wt WN challenge, and this
as not evaluated in the present study with the clinical lot of
N/DEN4�30 since both vaccine viruses exhibited compa-

able levels of immunogenicity.

.6. Evaluation of the chimeric viruses in DEN-immune
onkeys

Since chimeric WN vaccine candidates (WN/DEN4 and

N/DEN4�30) were constructed on the backbone of DEN4,

t was important to determine whether pre-existing immunity
o the dengue viruses would affect the level of replication
viremia) or immunogenicity of WN/DEN4 viruses in non-

a
o
p

tibody titer in parallel with those of the eight monkeys that received the

uman primates. Two groups of rhesus monkeys that received
wo doses of live-attenuated tetravalent dengue virus vaccine
TV-1 or TV-2 formulation; see Materials and Methods) at a
month interval [13] were used as animals with pre-existing
EN-immunity (monkeys in groups 1 and 3; Table 6). Each
onkey in these two groups was seropositive to DEN4 on the

ay prior to WN vaccine immunization with DEN4-specific
eutralization titers ranging from 1:26 to 1:328. In contrast,
he low level of WN-specific cross-reactive neutralizing anti-
odies (1:13) was found only in the group 3 of monkeys
reviously immunized with the TV-1 formulation.

DEN-immune monkeys and naı̈ve monkeys were inocu-
ated subcutaneously with a single dose of 105 PFU of the
himeric WN/DEN4 virus or its �30 mutant (Table 6). The
nterval between the primary DEN vaccine inoculation and
he WN vaccine administration was 10 months. WN/DEN4
nduced only a brief viremia in one of four DEN-immune and
n two of four non-immune monkeys. Viremia lasted 1 or 2
ays and attained a low level that was comparable for these
wo groups of monkeys. In contrast, none of the four naı̈ve or
EN-immune monkeys inoculated with 105 PFU of the clini-

al lot of the WN/DEN4�30 vaccine developed a detectable
iremia. These observations demonstrate that there was no
ifference in the level of replication of the WN/DEN4 virus
r its �30 mutant between DEN-immune and non-immune
onkeys, i.e., enhancement or interference in replication of

himeric WN/DEN4 viruses in DEN-immune monkeys had
ot occurred. Each chimeric virus was similarly attenuated
or monkeys with or without immunity to DEN.
Following WN/DEN4 or WN/DEN4�30 inoculation, all
nimals seroconverted to WN, as determined by the presence
f WN-specific neutralizing antibodies in serum on day 42
ost-immunization (Table 6). At that time, the level of neu-
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Table 6
Effect of previous DEN immunity on infectivity and immunogenicity of WN/DEN4 chimeric vaccines in rhesus monkeys

Group Monkey
ID #

Prior DEN immunity
at time of WN/DEN4
immunizationa

Serum neutralizing antibody
titerb on day prior to
WN/DEN4 immunization

WN vaccine
immunization

Immunizing virus Viremia (log10PFU/ml) on indicated
day following inoculation with WN
vaccine virusc

Serum neutralizing
antibody titer against
indicated virusd

�DEN4 �WN 1 2 3 4 5 6 7 �DEN4 �WN

1 CJ76 Yes 43 <10 WN/DEN4 – – – – – – – 228 618
CL51 26 <10 – – – – – – – 270 834
CK5J 116 <10 – – – – – – – 659 620
CK6D 160 <10 – – – – 0.7 – – 386 842

GMT: 67 <10 354 720

2 CL8G No <10 <10 WN/DEN4 – – – – 0.7 – 0.7 <10 3140
CL37 <10 <10 – – – – – – – <10 1334
CL19 <10 <10 – – – – – – 1.0 <10 1900
CL17 <10 <10 – – – – – – – <10 596

GMT: <10 <10 <10 1476

3 CK1C Yes 328 13 WN/DEN4�30
(clinical lot)

– – – – – – – 328 108
CL2V 210 13 – – – – – – – 367 128
CK1H 69 14 – – – – – – – 353 312
CJ9H 82 13 – – – – – – – 188 260

GMT: 141 13 299 183

4 CL4G No <10 <10 WN/DEN4�30
(clinical lot)

– – – – – – – <10 144
DA2G <10 <10 – – – – – – – <10 604
CL2X <10 <10 – – – – – – – <10 292
CK8J <10 <10 – – – – – – – <10 648

GMT: <10 <10 <10 398
a Rhesus monkeys in group of 4 were inoculated SC with tetravalent dengue vaccine (TV-1 or TV-2 formulation as specified in Section 2) in a 1-ml dose and boosted on day 28 as described previously [13].
b Plaque reduction (60%) neutralizing antibody titers (PRNT60) were determined against wild-type WN or DEN4 virus. Serum for neutralization assay was collected on day 0 (313 days after first immunization

with DEN vaccine). Reciprocal titers are shown. Geometric mean titers (GMT) are calculated for each group.
c Serum used to measure viremia was collected daily for 10 days. Virus titer in serum was determined by plaque-forming assay on Vero cells, viremia was not detected in any monkey after day 7 post-inoculation.

The lower limit of detection was 0.7 log10 PFU/ml.
d Serum for PRNT60 was collected on day 42 post-immunization with WN vaccine. Reciprocal titers are shown.
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ralizing antibodies to DEN4 was boosted (defined as a two-
old or greater increase in antibody titer) in serum of monkeys
hat previously received two doses of the tetravalent DEN vac-
ine. The WN/DEN4 and WN/DEN4�30 chimeric viruses
nduced a comparable, high level of serum WN neutraliz-
ng antibodies (range of 1:108–1:3140) in DEN-immune or
aı̈ve animals. However, the geometric mean WN neutraliz-
ng antibody titer induced by WN/DEN4 or its �30 mutant
n DEN-immune monkeys was slightly lower (approximately
wo-fold) than that induced in monkeys without immunity to
EN, but group sizes were too small to assess the significance
f this observation. The WN-specific neutralizing antibody
iter in the serum of monkeys (DEN-immune or non-immune
roup) that received WN/DEN4�30 was approximately four-
old lower than that of monkeys infected with a compara-
le dose of the WN/DEN4 virus, a finding consistent with
he greater attenuation of the WN/DEN4�30 vaccine can-
idate. This was also observed previously in a comparison
f the experimental lot of WN/DEN4�30 vaccine with the
N/DEN4 virus [5].

. Discussion

Previous studies of WN/DEN4 and WN/DEN4�30 in
wiss Webster mice [8] demonstrated that both chimeras are
ighly attenuated and efficacious in immunocompetent mice,
.e., they exhibited greatly reduced neurovirulence, lacked
euroinvasiveness, and provided complete protection of mice
gainst WN challenge. Chimerization of WN and DEN4 was
he major factor that led to the satisfactory balance between
ttenuation and immunogenicity of WN/DEN4 for mice. An
ndependent contribution of the �30 mutation to attenuation
f WN/DEN4�30 virus in mice was not apparent. However,
n rhesus monkeys [5], WN/DEN4�30 virus was found to be
ore attenuated than its WN/DEN4 progenitor, strongly sug-

esting that both chimerization and the genetically stable�30
eletion mutation independently contribute to attenuation
f WN/DEN4�30 virus. Importantly, the more attenuated
accine candidate, WN/DEN4�30, induced a high titer of
eutralizing antibodies and prevented viremia in monkeys
hallenged with WN. In the current study, we generated a
econd lot of WN/DEN4�30, designated the clinical lot,
or evaluation as a WN candidate vaccine in humans. The
reviously tested experimental lot and the clinical lot had a
ifferent set of adventitious mutations (Table 1). It is possi-
le that these adventitious mutations could have contributed
ifferently to the properties of the WN/DEN4�30 viruses
n mice or monkeys. However, since the level of attenuation
f the experimental and clinical lot for mice and monkeys
as comparable, it can be concluded that both chimerization

nd the �30 mutation, but not the presence of the adven-

itious mutations, are the major determinants of attenuation
f WN/DEN4�30 virus for mice and non-human primates.
lso, these observations extend previous findings demon-

trating that the �30 deletion mutation attenuated two dengue

a
a
o
n
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iruses (DEN1�30 and DEN4�30) [9,26] and the chimeric
ick-borne encephalitis/DEN4�30 flavivirus [16] for mice,

onkeys, or humans. The �30 mutation appears to be a very
ffective mutation for developing live attenuated flavivirus
accines.

The previous study of WN/DEN4�30 in mice was
xtended in the present study, and the WN/DEN4�30 vaccine
as found: (i) to lack neuroinvasiveness for highly sensitive

mmunodeficient mice and (ii) to be less neurovirulent than
ts WN parent in suckling mice. It retained a low level of
eurovirulence, but the level was even less than that of its
DEN4�30 parent, a virus that is highly attenuated in humans
27]. The decreased neuroinvasiveness and neurovirulence of

N/DEN4 and WN/DEN4�30 for mice suggested that both
iruses were restricted in replication in the CNS of mice. The
N/DEN4 chimera was remarkably decreased in replication

n the brains of newborn mice compared to that of its WN (by a
actor of 106) and DEN4 (by a factor of 101.8) parents (Fig. 1).
eplication of WN/DEN4�30 vaccine virus was an addi-

ional 4- to 125-times more restricted than that of the unmod-
fied WN/DEN4 chimera. These findings provided strong
vidence that both chimerization and �30 mutation inde-
endently contribute to reduction of WN/DEN4�30 vaccine
irus replication in the brain of mice. These new findings may
ave important implications for the safety of WN/DEN4�30
accine for humans. The greatly reduced neuroinvasiveness
redicts that the vaccine virus should be greatly restricted
n spread from the peripheral site of inoculation to the CNS
f the vaccinee. The greatly reduced replication in the CNS
f mice predicts that if the WN/DEN4�30 virus enters the
NS of a vaccinee, it should be restricted in replication and
ighly attenuated for that site. Thus, these two properties,
ecreased neuroinvasiveness and decreased replication in the
NS, should increase the safety of this vaccine in humans.

Interestingly, chimerization of WN with DEN4 and the
ddition of �30 mutation resulted in a decrease in virus repli-
ation in both murine and human neuroblastoma cells (Fig. 2).
ith an exception for DEN4, there was a correlation between

eduction of in vitro replication in cells of neural origin
nd the restricted replication in mouse brain of the chimeric
iruses, notably, the more attenuated WN/DEN4�30 virus in
ice had lower replicative capacity in murine or human neu-

oblastoma cells compared to that of its immediate parental
N/DEN4 or WN progenitor. It should be noted that find-

ngs in the present study with chimeric WN/DEN4 viruses
nd those in previous studies with a non-neuroinvasive tick-
orne Langat virus mutant [20] or with chimeric LGT/DEN4
irus [16,20] correlate the restriction of replication in cells of
euronal origin with attenuation in mice and monkeys. This
orrelation suggests that a decrease in replication of neu-
otropic virus in neuroblastoma cells, which is also reflected
n its restricted replication in mouse brain tissue, might serve

s a predictor of in vivo attenuation due to a common mech-
nism of attenuation and might be useful in the development
f a live attenuated vaccine candidate against viruses causing
eurological disease.
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To preclude introduction of a vaccine virus into a natu-
al transmission cycle, a live WN vaccine virus should have
ow potential for both mosquito transmission and decreased
apacity for replication in birds as amplifying hosts. In a
revious study [28], we have shown that both the WN/DEN4
irus and the clinical lot of WN/DEN4�30 virus were unable
o generate disseminated infections in two mosquito vec-
ors: Culex tarsalis, a vector species competent for WN, and
edes aegypti, which is the primary vector of dengue viruses.
lso, Aedes albopictus, a mosquito species susceptible to
oth DEN4 and WN virus in nature, retained a moderate
evel of susceptibility to chimeric viruses, but the dissemi-
ated infections produced by the chimeric viruses failed to
ass into the mosquito saliva. These observations suggest that
himerization of two mosquito-borne flaviviruses, WN and
EN4, acted to restrict infectivity of the hybrid viruses for
ulex and Aedes mosquitoes, limiting the potential of these
iruses for transmission by the most permissive mosquito
ectors tested in our study. Thus, both the greatly reduced
eplication in nonhuman primates (low level or undetectable
iremia) and the decreased infectivity for mosquitoes sug-
est that chimeric viruses would be greatly impaired in their
ransmission from vaccinees to other hosts via a mosquito
ector.

Since both attenuated WN/DEN4 and its �30 mutant are
eing considered as novel vaccine candidates for veterinary
nd human use, studies in geese were necessary to evaluate
hether the viruses could be (i) transmitted from a vaccinee

o an avian host in the environment and (ii) used as a vac-
ine for birds. In the present study, young domestic geese,
hich serve as a model for domestic poultry or wild birds

nd are highly permissive to WN infection, were infected with
N or the chimeric viruses. Three of the four WN-infected

oslings became moribund and two of them were euthanized
ue to the signs of severe neurologic disease. Each of the WN-
nfected birds had viremia that lasted 5 or 6 days (Table 4) and
chieved a mean peak virus titer of 5.4 log10 PFU/ml. In con-
rast, none of the geese that received a 10-times higher dose of
he WN/DEN4 or WN/DEN4�30 virus showed any evidence
f detectable viremia or developed WN-specific neutralizing
ntibodies, indicating an inability of these viruses to replicate
nd to stimulate an immune response in birds. As a result, the
himeric viruses failed to protect geese from replication of

N virus following challenge and from morbidity attributed
o WN infection, indicating that chimeras are not useful as a
accine for birds. However, an important conclusion of this
tudy is that if WN/DEN4 or WN/DEN4�30 were to be used
s a vaccine for human or horses, the vaccine virus would not
e amplified in WN-competent avian hosts and, therefore,
ould not be introduced into the natural transmission cycle.

Over the past 6 years WN has spread across North Amer-
ca and, more recently, has extended its range to include the

aribbean islands and Latin America, geographic regions in
hich the four serotypes of dengue virus are endemic. If
N/DEN4�30 virus is used in Central or South America

s a vaccine against WN virus, it will have to be immuno-

o
t
m
t
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enic in individuals with previous dengue virus exposure. It is
ossible that immunity to dengue viruses might restrict repli-
ation of WN/DEN4�30 and thereby decrease its immuno-
enicity. Alternatively, it is possible that previous infec-
ion with dengue viruses might enhance the replication of

N/DEN4�30 and increase its reactogenicity. Therefore, a
tudy in rhesus monkeys was initiated to determine whether
re-existing immunity to the dengue viruses would affect
afety and immunogenicity of WN/DEN4 virus vaccine can-
idates. Both chimeric viruses were safe in normal monkeys
s well as in monkeys having immunity to dengue viruses
Table 6). Pre-existing DEN-immunity did not enhance the
eplication of either chimeric virus. None of the four monkeys
ith or without immunity to DEN4 developed a detectable
iremia when they were inoculated with the clinical lot of
N/DEN4�30 vaccine virus. In addition, both groups of
onkeys inoculated with the unmodified WN/DEN4 virus

eveloped a brief, low-level viremia. Since the level of repli-
ation of WN/DEN4 and WN/DEN4�30 was low in naive
onkeys, it was not possible to determine if pre-existing DEN

mmunity significantly interfered with replication of either
himeric virus. This possibility was addressed indirectly by
omparison of the antibody response to WN in both DEN-
mmune and non-immune monkeys.

Following WN/DEN4 or WN/DEN4�30 inoculation,
00% of monkeys seroconverted to the WN. Levels of WN
eutralizing antibody titers appeared to be similar across
roups of monkeys with or without DEN immunity. How-
ver, a two-fold decrease in mean WN antibody titer was
een in DEN-immune compared to non-immune monkeys
uggesting that previous immunity to dengue viruses resulted
n a slight decrease in the immunogenicity of the chimeric

N vaccine. Clearly, enhancement of replication was not
upported by the immunization data. It is possible that cross-
eactive antibodies or cross-reactive cellular immunity to
engue viruses acted to restrict replication of the WN/DEN4
himeric virus and, therefore, decrease its immunogenic-
ty. It was shown previously [29–31] that antibodies against
he flavivirus nonstructural protein NS1 can protect against
nfection in vivo. In the present study, the effect of cross-
eactive immunity to DEN is a very small and does not
ignificantly interfere with the development of neutralizing
ntibodies to WN. There was a correlation between the mag-
itude of serum WN-specific antibody response induced by
N vaccine immunization and the degree of virus replica-

ion in monkeys, i.e., the unmodified WN/DEN4 chimera
hat caused a brief viremia in both DEN-immune and naive

onkeys was more immunogenic than its highly attenuated
30 mutant. The decreased immunogenicity of the clini-

al lot of WN/DEN4�30 was consistent with its failure to
nduce a detectable viremia in DEN-immune monkeys and
aı̈ve monkeys observed in this study (Table 6) and previ-

usly for the experimental lot of WN/DEN4�30 [5]. Since
he experimental lot provided complete protection in rhesus
onkeys against wild-type WN virus challenge [5] and since

he two lots of vaccine exhibited comparable immunogenic-
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ty, the protective efficacy of the clinical lot was not evaluated
n present study since. Thus, there was no significant dif-
erence in the level of replication (viremia) or in the level
f the induced WN-specific neutralizing antibodies between
EN-immune monkeys and naı̈ve monkeys vaccinated with
single dose of WN/DEN4 or WN/DEN4�30. Based on

hese observations, it is expected that pre-existing immunity
o the dengue viruses will not be a factor limiting the practical
tilization of chimeric WN vaccine in humans living in the
egions that are endemic for dengue viruses.

Most of the DEN-immune monkeys responded to
N/DEN4 or WN/DEN4�30 immunization with an

ncrease in neutralizing antibody titer against DEN4, sug-
esting that this anamnestic response could be induced by
hared antigenic determinants between DEN4 and chimeric
iruses. It was shown previously that antigenic determinants
f flavivirus cross-reactive antibodies have been mapped to
omain II of structural protein E that contains a fusion peptide
equence, which is conserved among the flaviviruses. Mon-
clonal antibodies with binding sites at or near the fusion
eptide have broad cross-reactivity with flaviviruses includ-
ng DEN4 and WN [32,33].

In summary, the clinical lot of the more attenuated vaccine
andidate, a WN/DEN4�30 virus, exhibited a satisfactory
alance between attenuation and immunogenicity in mice
nd monkeys. The lack of infectivity for geese, the reduced
nfectivity for mosquitoes, and the low level of replication
f WN/DEN4�30 virus in non-human primates suggest that
his vaccine candidate would not be transmitted from vac-
inees to other hosts in the environment and would not be
aintained in those hosts. Currently, a phase I clinical trial

n humans is underway with the WN/DEN4�30 vaccine.

cknowledgments

We acknowledge Marisa E. St. Claire, Brad Finneyfrock,
nd the staff of Bioqual, Inc. (Rockville, MD), and Robert
utnak (WRAIR) for help and their expert assistance in
onducting the studies with mice and monkeys. We thank
tephen S. Whitehead and Joseph E. Blaney for reviewing

he manuscript.
This research was supported by the Intramural Research

rogram of the NIH, NIAID.

eferences

[1] Burke DS, Monath TP. Flaviviruses. In: Knipe DM, Howley PM, edi-
tors. Fields virology, vol 1. Philadelphia: Lippincott Williams and
Wilkins; 2001. p. 1043–125.
[2] Beasley DW. Recent advances in the molecular biology of west nile
virus. Curr Mol Med 2005;5(8):835–50.

[3] Hayes EB, Komar N, Nasci RS, Montgomery SP, O’Leary DR, Camp-
bell GL. Epidemiology and transmission dynamics of West Nile virus
disease. Emerg Infect Dis 2005;11(8):1167–73.

[

[

4 (2006) 6392–6404 6403

[4] Hall RA, Khromykh AA. West Nile virus vaccines. Expert Opin Biol
Ther 2004;4(8):1295–305.

[5] Pletnev AG, Claire MS, Elkins R, Speicher J, Murphy BR,
Chanock RM. Molecularly engineered live-attenuated chimeric West
Nile/dengue virus vaccines protect rhesus monkeys from West Nile
virus. Virology 2003;314(1):190–5.

[6] Arroyo J, Miller C, Catalan J, et al. ChimeriVax-West Nile virus live-
attenuated vaccine: preclinical evaluation of safety, immunogenicity,
and efficacy. J Virol 2004;78(22):12497–507.

[7] Huang CY, Silengo SJ, Whiteman MC, Kinney RM. Chimeric dengue
2 PDK-53/West Nile NY99 viruses retain the phenotypic attenuation
markers of the candidate PDK-53 vaccine virus and protect mice against
lethal challenge with West Nile virus. J Virol 2005;79(12):7300–
10.

[8] Pletnev AG, Putnak R, Speicher J, Wagar EJ, Vaughn DW. West
Nile virus/dengue type 4 virus chimeras that are reduced in neu-
rovirulence and peripheral virulence without loss of immunogenicity
or protective efficacy. Proc Natl Acad Sci USA 2002;99(5):3036–
41.

[9] Durbin AP, Karron RA, Sun W, et al. Attenuation and immunogenicity
in humans of a live dengue virus type-4 vaccine candidate with a 30
nucleotide deletion in its 3′-untranslated region. Am J Trop Med Hyg
2001;65(5):405–13.

10] Pletnev AG. Infectious cDNA clone of attenuated Langat tick-borne
flavivirus (strain E5) and a 3′ deletion mutant constructed from it
exhibit decreased neuroinvasiveness in immunodeficient mice. Virol-
ogy 2001;282(2):288–300.

11] Pletnev AG, Bray M, Hanley KA, Speicher J, Elkins R. Tick-borne
Langat/mosquito-borne dengue flavivirus chimera, a candidate live
attenuated vaccine for protection against disease caused by members
of the tick-borne encephalitis virus complex: evaluation in rhesus mon-
keys and in mosquitoes. J Virol 2001;75(17):8259–67.

12] Swayne DE, Beck JR, Smith CS, Shieh WJ, Zaki SR. Fatal encephali-
tis and myocarditis in young domestic geese (Anser anser domes-
ticus) caused by West Nile virus. Emerg Infect Dis 2001;7(4):751–
3.

13] Blaney Jr JE, Matro JM, Murphy BR, Whitehead SS. Recombi-
nant, live-attenuated tetravalent dengue virus vaccine formulations
induce a balanced, broad, and protective neutralizing antibody response
against each of the four serotypes in rhesus monkeys. J Virol
2005;79(9):5516–28.

14] Blaney Jr JE, Johnson DH, Firestone CY, Hanson CT, Murphy BR,
Whitehead SS. Chemical mutagenesis of dengue virus type 4 yields
mutant viruses which are temperature sensitive in vero cells or
human liver cells and attenuated in mice. J Virol 2001;75(20):9731–
40.

15] Blaney Jr JE, Manipon GG, Firestone CY, et al. Mutations which
enhance the replication of dengue virus type 4 and an antigenic
chimeric dengue virus type 2/4 vaccine candidate in Vero cells. Vaccine
2003;21(27–30):4317–27.

16] Rumyantsev AA, Chanock RM, Murphy BR, Pletnev AG. Compar-
ison of live and inactivated tick-borne encephalitis virus vaccines
for safety, immunogenicity and efficacy in rhesus monkeys. Vaccine
2006;24(2):133–43.

17] Blaney Jr JE, Johnson DH, Manipon GG, et al. Genetic basis of atten-
uation of dengue virus type 4 small plaque mutants with restricted
replication in suckling mice and in SCID mice transplanted with human
liver cells. Virology 2002;300(1):125–39.

18] Halevy M, Akov Y, Ben-Nathan D, Kobiler D, Lachmi B, Lustig S.
Loss of active neuroinvasiveness in attenuated strains of West Nile
virus: pathogenicity in immunocompetent and SCID mice. Arch Virol
1994;137(3–4):355–70.
19] Pletnev AG, Men R. Attenuation of the Langat tick-borne flavivirus by
chimerization with mosquito-borne flavivirus dengue type 4. Proc Natl
Acad Sci USA 1998;95(4):1746–51.

20] Rumyantsev AA, Murphy BR, Pletnev AG. A tick-borne langat virus
mutant that is temperature sensitive and host range restricted in neurob-



6 accine 2

[

[

[

[

[

[

[

[

[

[

[

[

404 A.G. Pletnev et al. / V

lastoma cells and lacks neuroinvasiveness for immunodeficient mice. J
Virol 2006;80(3):1427–39.

21] Agol VI, Drozdov SG, Ivannikova TA, Kolesnikova MS, Korolev MB,
Tolskaya EA. Restricted growth of attenuated poliovirus strains in cul-
tured cells of a human neuroblastoma. J Virol 1989;63(9):4034–8.

22] La Monica N, Racaniello VR. Differences in replication of attenuated
and neurovirulent polioviruses in human neuroblastoma cell line SH-
SY5Y. J Virol 1989;63(5):2357–60.

23] Komar N. West Nile virus: epidemiology and ecology in North Amer-
ica. Adv Virus Res 2003;61:185–234.

24] Campbell GL, Marfin AA, Lanciotti RS, Gubler DJ. West Nile virus.
Lancet Infect Dis 2002;2(9):519–29.

25] Austin RJ, Whiting TL, Anderson RA, Drebot MA. An outbreak of
West Nile virus-associated disease in domestic geese (Anser anser
domesticus) upon initial introduction to a geographic region, with
evidence of bird to bird transmission. Can Vet J 2004;45(2):117–
23.

26] Whitehead SS, Falgout B, Hanley KA, Blaney Jr.JJr JE, Markoff L,
Murphy BR. A live, attenuated dengue virus type 1 vaccine candi-

date with a 30-nucleotide deletion in the 3′ untranslated region is
highly attenuated and immunogenic in monkeys. J Virol 2003;77(2):
1653–7.

27] Durbin AP, Whitehead SS, McArthur J, et al. rDEN4delta30, a live
attenuated dengue virus type 4 vaccine candidate, is safe, immuno-

[

4 (2006) 6392–6404

genic, and highly infectious in healthy adult volunteers. J Infect Dis
2005;191(5):710–8.

28] Hanley KA, Goddard LB, Gilmore LE, et al. Infectivity of West
Nile/dengue chimeric viruses for West Nile and dengue mosquito vec-
tors. Vector Borne Zoonotic Dis 2005;5(1):1–10.

29] Schlesinger JJ, Foltzer M, Chapman S. The Fc portion of antibody
to yellow fever virus NS1 is a determinant of protection against YF
encephalitis in mice. Virology 1993;192(1):132–41.

30] Falgout B, Bray M, Schlesinger JJ, Lai CJ. Immunization of mice with
recombinant vaccinia virus expressing authentic dengue virus nonstruc-
tural protein NS1 protects against lethal dengue virus encephalitis. J
Virol 1990;64(9):4356–63.

31] Chung KM, Nybakken GE, Thompson BS, et al. Antibodies against
West Nile Virus nonstructural protein NS1 prevent lethal infection
through Fc gamma receptor-dependent and -independent mechanisms.
J Virol 2006;80(3):1340–51.

32] Crill WD, Chang GJ. Localization and characterization of fla-
vivirus envelope glycoprotein cross-reactive epitopes. J Virol
2004;78(24):13975–86.
33] Goncalvez AP, Purcell RH, Lai CJ. Epitope determinants of a chim-
panzee Fab antibody that efficiently cross-neutralizes dengue type 1
and type 2 viruses map to inside and in close proximity to fusion
loop of the dengue type 2 virus envelope glycoprotein. J Virol
2004;78(23):12919–28.


	Chimeric West Nile/dengue virus vaccine candidate: Preclinical evaluation in mice, geese and monkeys for safety and immunogenicity
	Introduction
	Materials and methods
	Cells and viruses
	Multi-cycle growth of chimeric viruses in mouse and human neuroblastoma cells
	Evaluation of chimeric viruses in mice
	Evaluation of chimeric viruses in geese
	Studies with rhesus monkeys
	Viremia and immunogenicity of the experimental and clinical lots of WN/DEN4Delta30 vaccine
	Viremia and immunogenicity of chimeric WN/DEN4 viruses in monkeys previously immunized with dengue tetravalent vaccine


	Results
	Sequence comparison of experimental and vaccine lots of WN/DEN4Delta30
	Attenuation of WN/DEN4 viruses in mice
	Neuroinvasiveness of the chimeric viruses
	Neurovirulence of WN/DEN4Delta30 in mice
	Replication of viruses in mouse brain

	In vitro replication of chimeric viruses in murine and human cells of neural origin
	Restricted replication of chimeric viruses in domestic geese
	Comparison of the safety and immunogenicity of the experimental and clinical lots of the WN/DEN4Delta30 vaccine in rhesus monkeys
	Evaluation of the chimeric viruses in DEN-immune monkeys

	Discussion
	Acknowledgments
	References


